The dynamic behavior of a partially wetting polymer droplet driven over a nanostructured interface is studied using molecular dynamics simulations. We consider the bead-spring model to represent a polymeric liquid that partially wets a rough surface composed of a periodic array of spherical particles. It is shown that at sufficiently small values of the external force, the droplet remains pinned at the particles' surface, while above the threshold, its motion consists of alternating periods of pinning and rapid displacements between neighboring particles. The latter process involves large periodic variation of the advancing and receding contact angles due to attachment and detachment of the contact line. Finally, upon increasing external force, the droplet center of mass is displaced steadily but the oscillation amplitude of the receding contact angle as well as the maximum contact angle hysteresis remain relatively unaffected.
I. INTRODUCTION
The development of nanofabrication techniques is important for manufacturing the socalled superhydrophobic surfaces that possess liquid-repellent and self-cleaning properties [1] .
The main design principle behind such surfaces is to introduce small-scale surface asperities that can keep the liquid interface suspended above the substrate and allow for the formation of trapped air pockets, thus reducing the liquid-solid contact area [2, 3] . This situation is commonly referred to as the Cassie-Baxter state [4] , whereas the case of a full penetration of a liquid into a rough surface is called the Wenzel state [5] . As a result, liquids in contact with superhydrophobic surfaces typically exhibit large contact angles, relatively small contact angle hysteresis, and reduced hydrodynamic friction. The enhanced slip properties also offer a more precise control of liquid flow in microfluidic and nanofluidic channels [6, 7] . In particular, it was recently shown that the effective slip length for liquid flows over substrates with mixed boundary conditions can be accurately computed using either continuum or atomistic simulations, provided that the length scales of surface textures are larger than the molecular size [8] [9] [10] .
In recent years, the wetting and flow properties of liquid droplets over nanotextured surfaces were examined using molecular dynamics simulations [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . In the absence of external forces, the stability of the Wenzel or Cassie-Baxter states depends on the height of surface pillars, their surface fraction, and the intrinsic contact angle [12, 15, 17, 20] .
In turn, the Cassie-to-Wenzel wetting transition at pillar-arrayed surfaces and subsequent spreading of the liquid can be facilitated by applying a sufficiently large electric field [19, 21] .
Furthermore, under an external force parallel to nano-pillared superhydrophobic surface, the advancing and receding contact lines of a water droplet are displaced in discrete steps, and the partially wetting droplet effectively rolls above the pillar tips [26, 27] . More recently, it was shown that directed droplet motion along a hydrophobic stripe can be generated by periodic vibration of a substrate with asymmetric corrugations, and the droplet velocity follows a power-law dependence on the vibration period [28] . However, despite extensive efforts, the exact mechanisms of the contact line displacement, variation of the advancing and receding contact angles, and neck formation during pinning of a partially wetting droplet at nanostructured surfaces remain not fully understood.
In this paper, molecular dynamics simulations are carried out to investigate the effects 2 of an external force and wettability on the displacement of a polymer droplet over a smooth substrate covered by periodically arranged spherical nanoparticles. It will be shown that below the threshold force, the partially wetting droplet remains pinned at the particles' surface, while at larger values of the external force, the droplet motion becomes intermittent and involves rapid displacements separated by periods of pinning. The process of attachment and detachment from the particle surface is associated with large variation of the advancing and receding contact angles. Interestingly, the maximum value of the contact angle hysteresis remains rather insensitive to the external force.
The rest of the paper is structured as follows. The details of the molecular dynamics simulation model and parameter values are given in the next section. The description of the fitting procedure for the droplet shape, examples of the droplet profiles at structured interfaces, and the time dependence of the droplet displacement as well as the variation of the advancing and receding contact angles are presented in Sec. III. The last section contains a brief summary of the results.
II. MOLECULAR DYNAMICS SIMULATIONS
In our study, a liquid droplet consists of 880 000 atoms interacting via the Lennard-Jones (LJ) potential. More specifically, any two atoms interact via the truncated LJ potential:
where the parameters ε and σ describe the energy and length scales of the liquid phase. The interaction between solid and liquid atoms is also described by the LJ potential with the parameters ε sp (measured in units of ε) and σ sp = σ. To speed up simulations, the cutoff radius r c = 2.5 σ is used for all types of interactions. The equations of motion were solved using the velocity Verlet integration algorithm [29] with the time step t M D = 0.005 τ ,
where τ = σ m/ε is the LJ time. The molecular dynamics simulations were carried out using the LAMMPS parallel code [30] .
In addition to the LJ interaction, liquid monomers are connected to form short chains (10 monomers per chain) via the FENE (finitely extensible nonlinear elastic) potential:
with the parametrization k = 30 εσ −2 and r o = 1.5 σ [31] . Thus, the neighboring atoms within a chain interact via the LJ and FENE potentials, which effectively yields a harmonic potential that prevents polymer chains from unphysical crossing each other [31] . with each other but the interaction energy between liquid monomers and particle atoms is controlled by the parameter ε sp (measured in units of ε).
The preparation procedure involved a thermal equilibration of the polymeric liquid starting from the crystal phase. Periodic boundary conditions were imposed along thex andŷ directions, while the system is open along theẑ direction (perpendicular to the solid plane).
After the initial equilibration, the liquid droplet was gradually displaced towards the composite substrate and further allowed to equilibrate in a partially wetting state at a given value of ε sp . The droplet motion along thex direction was induced by a constant force, f x , applied on each monomer. It should be noted that the force of gravity was not included in our study.
III. RESULTS
It is well realized that the wetting properties of structured interfaces depend sensitively on a number of factors, i.e., the areal density and shape of the surface texture, the surface energy, and the surface tension at the liquid-vapor interface [32] . In the present study, the surface roughness is introduced via an array of spherical particles, and the liquid is confined into a narrow slab with periodic boundary conditions to access larger droplet sizes. In turn, the liquid consists of short, flexible polymer chains in order to enhance surface tension and, thus, reduce evaporation from the liquid interface. The examples of droplet snapshots in contact with the periodic array of particles are displayed in Fig. 2 for selected values of the interaction energy between the liquid monomers and particle atoms. It can be seen that the droplet shape varies from nearly circular for ε sp = 0.2 ε to semicircular for ε sp = 0.6 ε. In the latter case, the linear size of the droplet along thex direction is about 180 σ. Taking σ = 0.5 nm, the typical size of the droplet is about 90 nm and the sphere radius is ≈ 9 nm.
We next describe the fitting procedure used to obtain the droplet profiles and apparent contact angles. The difficulty in computing the position of the liquid interface from instantaneous configuration of monomers arises due to thermal fluctuations that result in a finite width of the interface. Therefore, the computational domain was divided into narrow slices (with thickness of 1.0 σ) parallel and perpendicular to the solid wall. In each slice, the local density of liquid monomers was computed and the location of the droplet interface was determined at half the density of liquid monomers in the center of the droplet. An example of the two-dimensional droplet interface profile is presented in Fig. 3 . In general, the definition of the apparent contact angle at the atomic scale can be ambiguous. In our setup, we choose a plane located on the distance 2R from the solid wall as a reference for computing the apparent contact angles (see the horizontal black line in Fig. 3 ). Next, the front and back portions of the interface were obtained via the 4-th order polynomial fit, and the tangent at the intersection with reference plane was computed using the first 10 data points. The accuracy of this procedure was tested by trial and error for various shapes of the droplet during its motion over an array of particles. In what follows, we define the advancing, θ a , and receding, θ r , contact angles at the front and back of the droplet with respect to the direction of the external force.
The dependence of the apparent (static) contact angle as a function of the interaction energy between sphere atoms and droplet monomers, ε sp /ε, is shown in Fig. 4 in the absence of the external force. As is evident, the contact angle decreases monotonically with increasing surface energy; however, the droplet remains in a partially wetting state for ε sp 0.8 ε. Note that these results are obtained for a specific areal fraction, i.e., φ S = 10 πR 2 /A ≈ 0.48, where A = 50 × 440 σ 2 is the area of the solid plane, and R = 18.3 σ is the radius of a sphere with the excluded volume of atoms of size σ. In the recent study, it was shown that the critical pressure, below which a polymer film remains suspended on an array of spherical particles with a similar areal fraction, can be equally well estimated by MD simulations and numerical minimization of the interfacial energy [33] . We comment also that the local contact angle of a polymer (10-mers) droplet residing on a flat solid plane with the density of 1.0 σ −2 was evaluated previously as a function of the surface energy [33] .
We next study the droplet displacement under external force applied to each monomer along thex direction. Fig. 5 shows the time dependence of the droplet center of mass for the indicated values of the external force. In all cases, the droplet is initially at equilibrium with the structured interface, and the external force, f x , is suddenly applied to each monomer at time t = 0. It can be clearly observed that at small values of the force, f x 0.00002 ε/σ, the droplet is initially displaced on the distance between neighboring spheres but it remains pinned during the time interval 50 000 τ . At the larger value of the external force, f x = 0.00003 ε/σ, the droplet becomes temporarily pinned at the particle surface and then rapidly moves along the array of particles. Upon further increasing force, the motion becomes more steady although small fluctuations remain noticeable in the cases f x = 0.00004 ε/σ and 0.00005 ε/σ. Finally, when f x = 0.00006 ε/σ, the droplet is displaced linearly on the distance of about 6 times its size during 50 000 τ .
An additional insight into the droplet dynamics can be gained by analyzing the time dependence of the advancing and receding contact angles. In Figures 6-8 , the variation of the advancing and receding contact angles as well as the velocity of the center of mass are reported for selected values of the external force. In the case f x = 0.00003 ε/σ shown in Fig. 6 , it can be observed that droplet dynamics consists of alternating periods of rapid motion and temporal pinning at the surface of spheres. In general, the maximum of the center of mass velocity correlates well with the abrupt changes in the contact angles. Namely, the advancing contact angle is reduced, while the receding angle increases during transient motion along the array of spherical particles. Interestingly, one can also notice in Fig. 6 that the center of mass velocity occasionally becomes negative between successive displacements, indicating a slight oscillatory movement due to surface tension forces. In addition, the contact angle hysteresis varies from θ a − θ r ≈ 45 • during periods of pinning to nearly zero during rapid displacements (see Fig. 6 ). Figure 7 shows the droplet velocity and the contact angles for a larger value of the external 6
force f x = 0.00004 ε/σ. It can be seen that after the first jump, the droplet is steadily propelled with the average velocity v x = 0.014 σ/τ along the array of particles, and the amplitude of oscillations of the contact angles is reduced, so that the advancing contact angle is greater than the receding angle. The period of the velocity and contact angles variation is determined by the center of mass velocity and the distance between neighboring spheres. Note also that the maximum value of the contact angle hysteresis is nearly the same as in the case f x = 0.00003 ε/σ, i.e., θ a − θ r ≈ 45 • .
Furthermore, when the external force is f x = 0.00006 ε/σ, the average droplet velocity becomes larger, v x = 0.023 σ/τ , and the fluctuations of v x and θ a are significantly reduced, as shown in Fig. 8 . Notice, however, that the oscillation amplitude of the receding contact angle remains relatively large and it is comparable to the cases f x = 0.00003 ε/σ and 0.00004 ε/σ.
In general, the maximum contact angle hysteresis remains rather insensitive to the value of the external force, as shown in Figs. 6-8 . In the previous MD study, the values of surface tension γ = 0.85 ε/σ 2 and viscosity η = 11.1 m/τ σ were computed for a thin polymer film of bead-spring chains (10-mers) at T = 1.0 ε/k B and zero pressure [34] . These values were used to estimate the capillary number Ca = η v x /γ ≈ 0.3, which indicates that the droplet motion is dominated by surface tension for all values of the external force, f x 0.00006 ε/σ, considered in the present study.
The processes of attachment and detachment of the polymer interface at the particles' surface are visualized in Figs. 9 and 10 . The snapshots of the droplet shape are taken at selected time intervals after the external force f x = 0.00003 ε/σ is applied at t = 0. The displacement of the center of mass for these cases is denoted by the red curve in Fig. 5 . It can be observed in Fig. 9 (b-g) that the advancing interface remains effectively suspended in front of the second rightmost particle during the extended time interval of about ∆t = 5000 τ , while the advancing contact angle is the largest, θ a ≈ 140 • , when t = 9000 τ (see Fig. 6 ).
Furthermore, the sequence of snapshots in Fig. 10 (a-g) shows the time evolution of the circular contact line at the third particle which temporarily restrains the droplet motion.
Notice in Fig. 10 (e-g) that a narrow neck is formed above the particle surface, followed by rapid detachment of the polymer interface and displacement of the whole droplet along the substrate. These results suggest that one of the factors determining the pinning time is the shape of surface texture; and, thus, the droplet motion along the surface can be controlled by introducing shape anisotropy of the surface-attached particles.
IV. CONCLUSIONS
In summary, the dynamics of a polymer droplet driven over a nanostructured interface composed of an array of spherical particles was investigated using large-scale molecular dynamics simulations. The areal density of nanoparticles and the interaction energy between solid atoms and liquid monomers was adjusted to form a partially wetting droplet with the apparent contact angle greater than 90 • at mechanical equilibrium. It was shown that the polymer droplet remains pinned at the surface of nanoparticles at sufficiently small values of the external force. Above the threshold force, the droplet moves intermittently along the interface via successive rapid displacements and periods of pinning. The process of attachment and detachment at the particles' surface causes significant distortion of the droplet shape quantified via advancing and receding contact angles. With increasing external force, the variation of the advancing contact angle is reduced, whereas the oscillation amplitude of the receding contact angle and the maximum contact angle hysteresis remain nearly unchanged. is ε sp = 0.6 ε. The time is measured after f x is applied at t = 0 (see the red curve in Fig. 5 ).
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FIG. 10: (Color online) The process of detachment of the receding contact line from the particle surface for the indicated time intervals after the external force f x = 0.00003 ε/σ is applied on each monomer. The same data as in Fig. 5 (the red curve) and in Fig. 6 .
